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Digital image correlationBasalt fiber reinforced composites are a new class of composites which have a great potential as high per-
formance composites. This is mainly due to their favorable mechanical properties, energy absorption
capacity, and their relatively low cost. Basalt fibers are generally compared to glass fibers due to their
similar production technique and comparable properties. Consequently, basalt fiber composites can be
considered as an alternative to conventional glass fiber composites. This, in turn, can elevate this class
of materials to be used in aeronautical and automotive applications, where impact loads are expected.
It is thus important to study the behavior of such materials at high strain rates. The aim of this paper
is to study and compare the tensile behavior of basalt and glass fiber reinforced composites at high strain
rates. High strain rate experiments were carried out using a split Hopkinson tensile bar facility.
Additionally, reference quasi-static experiments were carried out to compare the behavior at different
strain rates. Full strain fields were measured using stereo digital image correlation technique. The effect
of strain rate on the tensile behavior of both materials was studied. A comparison between the tensile
behavior of both basalt and glass fiber reinforced composites at different strain rates was presented
and assessed. Results showed that basalt composites do have promising properties for applications
requiring impact resistance.
 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 12th International
Conference on Composite Science and Technology.1. Introduction
Basalt fiber reinforced composites are considered a promising
new class of composites with a lot of potential for aerospace and
automotive applications. Basalt fibers typically show comparable
or higher modulus and strength values, and good fatigue resistance
compared to conventional fiber materials such as glass fibers [1,2].
When basalt fibers are used as reinforcement in composites, they
generally improve the overall mechanical behavior of the hosting
matrix [3] in addition to providing good impact resistance and
energy absorption capacity for the resulting composite [4,5].
The manufacturing technique of basalt fibers involve melting
the raw basalt rocks up to 1500 C, then extruding the molten
rocks into bushings to create the fibers, both in chopped or contin-
uous forms [6]. This manufacturing technique of the basalt fibers is
also similar to that used for manufacturing glass fibers, but without
the use of any other additives during manufacturing [7]. Thisresults in reduced manufacturing costs and a lower ecological foot-
print of the basalt fibers compared to the glass fibers. Due to the
similarities between their mechanical performance and the manu-
facturing technique, basalt and glass fibers are often compared to
each other. Some comparisons were carried out between basalt
fiber and glass fiber reinforced composites at low strain rates [8]
and at high temperatures [9]. Results indicated that basalt fiber
composites perform better than glass fiber composites in terms
of Young’s modulus, compressive and bending strength, and
energy absorption. In addition, some studies were performed to
check the replacement potentiality of glass fibers with basalt fibers
in automotive applications [10], civil applications [11], and tubular
structures [7]. Results indicated that basalt fiber composites either
showed similar or improved stiffness and strength values com-
pared to glass fiber composites. This suggests that basalt fiber com-
posites could indeed replace glass fiber composites for the
abovementioned applications. However, when considering aero-
space and automotive structures, which are typically subjected to
impact loads, it is important to compare the behavior of both com-
posites at high strain rates.at high
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tensile behavior of both woven basalt and woven glass epoxy com-
posites at high strain rates along the warp direction. The tensile
behavior of the basalt epoxy composite was studied in recent work
by the authors [12]. For both composites, the same manufacturing
technique and resin system were used. Tensile experiments at high
strain rates were performed using a split Hopkinson tension bar, in
addition to some reference quasi-static experiments to compare
the behavior at different strain rates. Local, full-field strains were
measured using stereo digital image correlation technique. The
effect of strain rate on the elastic modulus, ultimate tensile
strength, and ultimate tensile strain was studied and compared
for both materials.Fig. 1. Geometry and dimensions of the tensile sample.2. Materials and methods
2.1. Specimen material and geometry
Woven glass fiber and woven basalt fiber reinforced epoxy com-
posites were considered in this study. The same epoxy matrix were
used for both composites. The weaving architecture of the glass
and basalt fibers used were 8 harness satin weave and plain weave
respectively. These weaving architectures were chosen to obtain a
comparable fiber volume fraction and quasi-static stiffnesses.
However, comparing the results of both composite systems should
be done with caution, considering the slight differences in the
weaving architecture and the fiber volume fractions. For each
material system under investigation, a planner sheet was manufac-
tured using the wet layup technique. Both sheets were made up of
10 plies. Table 1 shows the details of the epoxy resin and fiber
materials used. The curing cycle of the manufactured sheets was
performed for 4 h at 60 C, followed by 3 h at 130 C, as recom-
mended by the manufacturer’s datasheet. The quality of the man-
ufactured sheets were checked using the ASTM D2734 [13]
standard void content test. The void content of both the glass
and basalt composite sheets was approx. 6% and 8% respectively,
which were considered adequate for the selected manufacturing
technique. Dog-bone tensile specimens were cut along the warp
direction from both sheets using waterjet cutting. Fig. 1 shows
the geometry and dimensions of the tensile specimen used. The
grip area of the specimens was reinforced with aluminum tabs at
each side in order to prevent failure around the holes. To allow
for digital image correlation measurements of displacements and
strains, the gauge section of the sample was painted with a thinTable 1
Properties of the composite materials used.
Parameter Glass Epoxy composite Basalt Epoxy
composite
Fiber type E-glass dry fabric type
7781 [supplied by
Hexcel Corp.]
Basalt dry fabric
BAS 220.1270.P
[supplied by
BASALTEX NV
Belgium]
Fiber architecture 8 Harness satin weave Plain weave
Matrix type Epoxy (EPIKOTE rein
L20 and EPIKURE
curing agent 960)
[Supplied by Hexion
Inc.]
Epoxy (EPIKOTE
rein L20 and
EPIKURE curing
agent 960)
[Supplied by
Hexion Inc.]
Fiber volume fraction 0.52 0.47
Fiber specific surface weight
(g/m2)
299 220
Density (g/cm3) 1.8 1.78
Number of plies 10 10
Ply thickness (mm) 0.2 0.16
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and boundary conditions were used for both reference quasi-static
tests and high strain rate tests, in order to avoid any discrepancies
related to sample geometry.
2.2. Quasi-static setup
Reference quasi-static experiments were carried out using a
universal testing machine at a testing speed of 2 and 20 mm/min
for both materials. The load was measured using a 50 kN load cell.
Samples were placed between 2 long slotted bars and fixed using
5 mm diameter dowel pins. Displacements and strains were mea-
sured using an optical measurement setup utilizing the 3D digital
image correlation technique. The setup consisted of two 5-
megapixel cameras and two fixed focus lenses having a focal length
of 100 mm. Images of the speckled samples were recorded at a res-
olution of 2452  2056 pixels2. Fig. 2 shows the quasi-static setup
used.
2.3. High strain rate setup
High strain rate experiments were carried out using the split
Hopkinson tensile bar facility available at MST-DyMaLab of Ghent
University. Samples were sandwiched between two long bars (in-
put and output bars), which were made of high strength aluminum
and had a diameter of 25 mm each. An impactor was accelerated at
speeds of 8, 11, and 14 m/s towards a flange at the end of the input
bar, to generate a tensile loading wave. When the loading wave
reaches the interface of the bar and the specimen, part of the load-
ing wave is reflected back into the input bar, and part of the waveFig. 2. Quasi-static setup.
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Table 2
Processing parameters for DIC.
Parameter Value
Correlation criteria Zero normalized sum of square differences (ZNSSD)
Interpolation order Bicubic spline
Shape function Affine
Subset (pixels2) 35  35
Step (pixels) 10
Strain window (pixels) 15
Strain convention Biot undeformed
A. Elmahdy, P. Verleysen /Materials Today: Proceedings xxx (xxxx) xxx 3is transmitted through the sample to the output bar. The incident
(ei), reflected (er), and transmitted (et) strain waves were measured
using strain gauges attached to both bars. Upon achievement of
quasi-static stress equilibrium at the input and output bar inter-
faces of the specimen, the average stress (r), strain (e) and strain
rate (e_) in the sample gauge section can be calculated from the
classical Hopkinson bar equations as follows:
_e ¼ 2Co
Ls
erðtÞ ð1Þe ¼ 2Co
Ls
Z t
0
er tð Þdt ð2Þr ¼ Eb AbAs etðtÞ ð3Þ
where Ab and As are the cross section area of the bars and the sam-
ple, respectively, Co is the elastic wave speed in the bar material, Eb
is the elastic modulus of the bar material, and Ls is the gauge length
of the sample. The high speed 3D DIC technique was used to mea-
sure displacements and strains on the surface of the sample at high
strain rates. The optical setup consisted of two Photron AX200 Mini
high speed camera with Tamron Macro lenses having a fixed focal
length of 90 mm. Images of the specimen were recorded during
deformation at a speed of 67,500 frames per second and a resolu-
tion of 256  256 pixels2 for the glass epoxy composites, and at a
speed of 86,400 frames per second and a resolution of 128  256
pixels2 for the basalt epoxy composites. Fig. 3 shows the full high
strain rate tensile test setup used.
2.4. Processing parameters and data reduction for DIC
The recorded images of the specimen during deformation were
analysed using MatchID commercial digital image correlation soft-
ware, in order to obtain the full displacement and strain fields dur-
ing the static and dynamic experiments. Table 2 shows the
different processing parameters used. Local strains in the direction
of loading were calculated as average values taken at a gauge area
of 8  4 mm2, which corresponds to the field of view of the image.
The processing parameters mentioned in Table 2 allowed to
achieve a strain resolution of approximately 200 microstrains for
both quasi-static and dynamic experiments. For the quasi-static
and dynamic experiments, the strain rate was calculated based
on DIC strains.Fig. 3. High strain rate setup.
Please cite this article as: A. Elmahdy and P. Verleysen, Comparison between th
strain rates, Materials Today: Proceedings, https://doi.org/10.1016/j.matpr.2023. Results and discussion
Fig. 4 shows representative engineering stress strain curves for
the basalt/epoxy composite at different strain rates in the warp
direction. The high strain rates achieved in the dynamic experi-
ments were approx. 74 s1, 121 s1, and 148 s1. The solid lines
represent the polynomial fit of the experimental data points. It
can be seen that the basalt/epoxy composite is strain rate sensitive
in the warp direction. The initial stiffness, maximum strength, and
strain increase with increasing the strain rate. The tensile response
at both low and high strain rates showed an initial linear relation-
ship, followed by a non-linearity until fracture.
Fig. 5 shows representative engineering stress–strain curves for
the glass/epoxy composites at different strain rates. The high strain
rates achieved were approx. 74 s1, 118 s1, and 154 s1, which are
very close to the values achieved for the basalt/epoxy composites.
The solid lines also represent the polynomial fit of the experimen-
tal data points. Similar to the basalt epoxy composites, the glass
epoxy composite also shows a significant sensitivity to the strain
rate. Ultimate tensile strength and ultimate tensile strain increase
with increasing the strain rate. However, the initial stiffness does
not show a significant change at low and high strain rates. The ten-
sile response is generally linear at both low and high strain rates,
with slight non-linearity towards fracture. Table 3 gives a sum-
mary of the quasi-static and high strain rate tensile results for both
materials.
Fig. 6(a) and (b) represents a comparison between the elastic
modulus and the specific elastic modulus of both glass/epoxy
and basalt/epoxy composites at different strain rates. The elastic
modulus of both materials was calculated as the slope of a line
drawn from strain ranges of 0–0.01of the experimental data points.
The specific elastic modulus was calculated as a ratio of the elastic
modulus to the density of each material. It can be clearly seen that
the basalt/epoxy composite shows a higher elastic modulus and aFig. 4. Engineering stress–strain behavior of basalt/epoxy composite at different
strain rates [12].
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Fig. 6. Comparison between the elastic modulus for basalt and glass epoxy compo
Fig. 5. Engineering stress–strain behavior of glass/epoxy composite at different
strain rates.
Table 3
Summary of the tensile results of quasi-static and high strain rates for glass and basalt ep
Basalt epoxy composite
Achieved strain
rate (s1)
Elastic
modulus (GPa)
Ultimate tensile
strength (MPa)
Ultimate
tensile strain
0.0006 17.99 319.14 0.0214
0.006 18.413 356.13 0.022
74 24.83 445.45 0.027
121 24.71 500.12 0.030
148 24.32 504.16 0.033
Fig. 7. Comparison between the ultimate tensile strength for basalt and glass epoxy com
tensile strength.
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posite for all strain rates. The elastic modulus for the glass/epoxy
composite was nearly constant for all strain rates, at a median
value of approx. 17 GPa, whereas the basalt/epoxy composite
showed a higher elastic modulus of approx. 18 GPa at low strain
rates, and approx. 24 GPa at high strain rates. This corresponds
to an increase in the elastic modulus of basalt/epoxy composite
of approx. 6% at low strain rates and approx. 41% at high strain
rates compared to glass/epoxy composite. Considering the lower
density and areal weight of the basalt fiber composite compared
to the glass fiber composite, the basalt fiber composite still
achieved a higher elastic modulus and at only approx. 73.5% of
the areal weight of the glass fiber composites. The increase in stiff-
ness with the increase in strain rate for the basalt epoxy composite
is due to the viscoelastic effect of the epoxy matrix [14], and the
sensitivity of the basalt fibers to strain rates [15].
Fig. 7 represents a comparison between the ultimate tensile
strength and the specific ultimate tensile strength of both glass/
epoxy and basalt/epoxy composites at different strain rates. Ansites at different strain rates: (a) elastic modulus, (b) specific elastic modulus.
oxy composites.
Glass epoxy composite
Achieved strain
rate (s1)
Elastic
modulus (GPa)
Ultimate tensile
strength (MPa)
Ultimate
tensile strain
0.0006 17.33 332.48 0.0198
0.006 16.93 316.42 0.0193
74 17.60 415.77 0.0270
118 18.52 497.74 0.0270
154 17.24 500.46 0.0278
posites at different strain rates: (a) ultimate tensile strength, (b) specific ultimate
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Fig. 8. Comparison between the ultimate tensile strain for basalt and glass epoxy
composites at different strain rates.
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strength can be seen with increasing the strain rates for both mate-
rials. However, the basalt/epoxy composite achieves a slightly
higher strength for all strain rates compared to glass epoxy com-
posites. At strain rate of 0.006 s1, the ultimate tensile strength
of glass epoxy was approx. 320 MPa compared to an ultimate ten-
sile strength of basalt epoxy of approx. 360 MPa. This represents an
increase of approx. 11% for the basalt/epoxy composite compared
to the glass epoxy composite at low strain rates. At higher strain
rates of 120 s1 and 150 s1, this percentage is reduced to approx.
4%.
Fig. 8 represents a comparison between the ultimate tensile
strain of both glass/epoxy and basalt/epoxy composites at different
strain rates. An increasing trend in the ultimate tensile strain can
also be seen with increasing the strain rates for both materials.
The basalt/epoxy composite achieved approx. 10% higher ultimate
tensile strain compared to glass/epoxy composite at low and high
strain rates.
4. Conclusions
A group of experiments were conducted to compare the behav-
ior of both woven basalt and glass epoxy composites at low and
high strain rates. High strain rate experiments were carried out
using a split Hopkinson tension bar. Displacements and strains
were measured using stereo digital image correlation technique.
A comparison between the elastic modulus, ultimate tensile
strength, and ultimate tensile strain for both materials at different
strain rates was presented. Considering the current testing condi-
tions, materials, and setups used, the following can be concluded:
 Both woven basalt/epoxy and glass/epoxy composites are strain
rate sensitive in the warp direction.
 The tested woven basalt/epoxy composite shows higher elastic
modulus, ultimate tensile strength, and ultimate tensile strain
at a lower areal weight and density compared to the woven
glass/epoxy composite.
 The tested basalt/epoxy composite can be a potential replace-
ment for tested conventional glass fiber composites for typical
aerospace and automotive applications, especially when weight
reduction is required while maintaining the high tensile
performance.Please cite this article as: A. Elmahdy and P. Verleysen, Comparison between th
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